The assessment of the exposure to cosmic radiation onboard aircraft is one of the preoccupations of bodies responsible for radiation protection. Cosmic particle flux is significantly higher onboard aircraft than at ground level and its intensity depends on the solar activity. The dose is usually estimated using codes validated by the experimental data. In this paper, a comparison of various codes is presented, some of them are used routinely, to assess the dose received by the aircraft crew caused by the galactic cosmic radiation. Results are provided for periods close to solar maximum and minimum and for selected flights covering major commercial routes in the world. The overall agreement between the codes, particularly for those routinely used for aircraft crew dosimetry, was better than + + + + +20 % from the median in all but two cases. The agreement within the codes is considered to be fully satisfactory for radiation protection purposes.
INTRODUCTION
Since 1996, aircraft crews in the European Union (EU) have been recognised as occupationally exposed workers owing to their exposure to cosmic radiation in the atmosphere. By 2006, the directive EURATOM/96/29 was implemented in all EU member states and proper measures must have been undertaken to assess the dose. Since the radiation field is very complex in terms of particle composition and particle energies, the dose assessment is a very difficult task. During the last decade, many research projects were focused on this problem. One of the main outcomes was that dose assessment can be done by using program codes that were developed during the last few years. The use of a predictive code is possible when the radiation field is rather constant and sudden changes in the local dose rates are not expected, except for the case of rarely occurring ground-level enhancements associated with solar-particle events having a high fluence rate of particles with high energy. Therefore, the time, geographical information on latitude, longitude and barometric altitude of the flown routes are the basic input parameters for any calculation.
The aim of this study is to compare the calculated dose and dose rates of those codes (see Table 1 ) that are mainly used in Europe and for which the providers agreed to perform the calculations. Some of the codes are routinely used for radiation protection purposes, whereas others are purely for scientific use.
For routine radiation protection purposes, i.e. dose assessment of aircraft crew, a code must be able to calculate the effective dose E as the radiation protection quantity. However, the validation of codes can only be done by comparing the measured ambient dose equivalent H*(10) (or its rate) to the calculated value. Therefore, the ability to calculate H*(10) is mandatory for all codes.
The different codes used are summarised in Table 1 . Some of them are based on Monte Carlo simulations of the radiation field (AVIDOS, EPCARD, QARM); one code (FREE) uses the analytical calculation of the particle transport through the atmosphere based on PLOTINUS calculations. These solutions use the evaluated particle fluxes to calculate the ambient dose equivalent and effective dose by using appropriate conversion (1) . Other codes are based on measurements only (FDOScalc, PCAIRE) and partly use the E/H*(10) conversion as calculated by the Monte Carlo based codes. The codes EPCARD 3.34 (2) , FREE 1.3.0 and PCAIRE are approved by the civil aviation authority in Germany. For this comparison, the new version EPCARD.Net 5.4.0, which is not yet approved in Germany, and the scientific version of PCAIRE, also not approved in Germany, were used. In Austria, ARCS is accredited for computational aircrew dosimetry with the code AVIDOS 1.0 and IASON with the code FREE 1.3.0. Both qualifications are valid in whole Europe according to European regulations of accreditation. The code SIEVERT 1.0, which uses a worldwide grid of dose rates calculated with EPCARD 3.34, was initiated by the French aviation authority to provide a common tool for airlines. The early version of EPCARD 3.0 was partly supported by the European Commission and used as the physical basis for the most modern version EPCARD.Net developed by Helmholtz Zentrum Mü nchen.
MATERIALS AND METHODS
The comparison was organised in such a way that routes flown by typical passenger aircraft were obtained from different airlines. The input format uses the coordinates of the departure and arrival airport. Several way points in-between were defined where the altitudes and/or course have changed. The code providers were asked to calculate the total route dose as well as the local dose rates at the given way points in terms of H*(10) and, if possible, in E. Results should be given both for a period close to solar maximum (07/2000) and minimum (09/2007). The selected 23 flights cover all major routes of passenger flights in the world (see Figure 1 ) as well as a wide range of latitudes (from North to South) and also a wide range of vertical cut-off rigidities (from 0 to 18 GV). They also included seven Ultra Long Range flights with flight durations of more than 13 h.
Additionally, one specific flight (Singapore to Newark, No. 23 in Figure 2 ) was selected, and the codes were used to calculate dose rates (dH*(10)/dt and dE/dt) for the way points along the flight route. Table 1 . Computer codes for the calculation of the radiation exposure of aircraft crew due to the galactic cosmic radiation.
Computer code
Method Galactic proton spectra (if applied)
Cut-off rigidity Dose conversion AVIDOS 1.0 (3) Multiparameter model based on FLUKA Monte Carlo calculations (4) Balloon experiment modified Gaisser et al. (5) Vertical cut-off rigidity (6) ICRP 60 (1) and Pelliccioni (7) EPCARD.Net 5.4.0 (8) Based on FLUKA Monte Carlo calculations (4) Badhwar et al model (9) Vertical cut-off rigidity (10) ICRP 60 (1) , Pelliccioni (7) and Mares and Leuthold (11) FDOScalc (F. Wissmann and, M. Reginatto, in preparation)
Multiparameter fit to experimental data of ambient dose equivalent rates (12, 13) -
Vertical cut-off rigidity (14) FREE 1.3.0 Based on analytical solution to the corresponding Boltzmann equation
,10 GeV (15) , .10 GeV (16) , normalised at 10.6 GeV (17) Vertical cut-off rigidity (18) and non-vertical cutoff rigidities (19) ICRP 60 (1) and Pelliccioni et al. (7) PCAIRE Semi-empirical: measurement-based with modeled E/H*(10) conversion (20 -23) -Vertical cut-off rigidity (21) ICRP 60 (1) PLANETOCOSMICS 2.0 (14) GEANT4 based Monte Carlo simulation of the nucleonic-electromagnetic cascade Gleeson and Axford (24) , Garcia-Munoz et al. (15) Vertical cut-off rigidity (10) ICRP 60 (1) and Pelliccioni (7) QARM 1.0 (25 -27) Based on MCNPX Monte Carlo transport calculation (28) Badwar et al. model (9) Vertical cut-off rigidity (29) ICRP 74 (30) and Pelliccioni (7) SIEVERT 1.0 (31) Operational code using EPCARD 3.34 to create the input dose rate maps (32) ---This flight was chosen because it covers a wide range of vertical cut-off rigidities from almost 0 to about 17 GV. All results were collected by one single partner so that the participants were not aware of the other results until all were presented during a common meeting where all authors were invited.
DOSE COMPARISONS
Anonymous dose comparisons of the calculated data for 23 investigated flights were done in terms of effective dose E and ambient dose equivalent H*(10) for seven computer codes. PLANETOCOSMICS is not part of any further comparisons. Figure 2 shows anonymous comparisons of the total ambient dose equivalent H*(10) (two diagrams on top) and effective dose E (two diagrams on bottom) at different mid-and long-haul flights due to the galactic cosmic radiation, during solar minimum (left diagrams) and solar maximum (right diagrams) conditions. The results are calculated by the codes AVIDOS 1.0, EPCARD. 
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top) and the effective dose E (two diagrams on bottom), relative to the median, at solar minimum (left diagrams) and solar maximum (right diagrams) was made in Figure 3 . Note again that not all codes are investigated in all four diagrams. Since the 23 investigated flights are sorted according to their route doses, the increasing deviation to the median is obviously present for lower route doses, but not for the larger ones. Furthermore, dose rate data were investigated along a specific long-haul flight route. Figure 4 shows 
DISCUSSION ON RESULTS
In Figure 2 , the results obtained by the different codes for the selected flights are summarised, both in terms of H*(10) and, if given by the code, the effective dose E. Clearly, the rough trend of increasing doses for flights 1-23 was reproduced by all codes. As expected, doses for a certain flight calculated at solar minimum are higher than those calculated at solar maximum, due to the lower shielding effect of the solar (interplanetary) magnetic field against the galactic component of cosmic radiation during the solar minimum. Similarly, the calculated results for shorter flights at lower latitudes result in lower doses (H* (10) or E) than those for longer flights at higher latitudes, reflecting the flight time and the shielding effect of the geomagnetic field to be important parameters for the dose from cosmic radiation.
In order to compare the results in more detail, Figure 3 shows the same data, but normalised to the median of the doses obtained by the various codes for a certain flight. There is only one code that produces Figure 2 ). For short flights at low latitudes, doses from this code are as much as about 40 % lower than the median (open circles in Figure 3 ). Another code reports slightly higher values for some lower dose flights, for solar minimum (open squares in Figures 1 and 2) . In general, however, Figure 3 demonstrates that for most flights and codes, the calculated doses (H*(10) or E) differ less than about +20 % from their median. Results obtained for the selected flight from Singapore to Newark are given in Figure 4 . Again the dose rate pattern as obtained from the participating codes as a function of flight time (i.e. at the different way points) is very similar. The pattern reflects the flight profile that was at flight level 300 after the start (corresponding to an altitude of 9.1 km), and increased up to flight level 410 (corresponding to an altitude of 12.5 km) before the descent was initiated. It also reflects the change in geomagnetic cut-off rigidity, representing the ability for a charge particle to penetrate the geomagnetic field, which was high in Singapore (about 17 GV), and decreased to a minimum of almost 0 GV about 4 h before Newark was reached (at about 2 GV). Figure 4 ). The results given by the other participating codes differ less than about +20 % from their median, in terms of the dose rates calculated for each of the given way points. It should be noted that the median does not necessarily represent the most correct value of the doses calculated.
Again, one code provided systematically lower dose values than the other codes (open circle in
From an overview of the results, it was noted that (data not shown) the dose and dose rate values as given by the participating codes also reflect the dependence of dose on altitude and vertical cut-off rigidity in a very similar way.
CONCLUSIONS
Eight codes used for calculating doses to pilots and cabin crew members have participated in a comparison exercise organised by the EURADOS Working Group 5 on Air Crew Dosimetry, in an effort to provide advice for harmonisation of aircrew dosimetry practices in European countries. Some of these codes are based on the simulation of the secondary field of cosmic radiation by means of Monte Carlo techniques; others use analytical solutions of the 
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problem, while still others are mainly based on an adaptation to the experimental data. There was one code that provided systematically lower dose and dose rate values (up to 240 % at low latitudes compared with the median) than all the other participating codes, while another code showed a few dose and dose rate values that were higher by some þ30 % (also at low latitude). The overall agreement between the codes, however, was better than +20 % from the median. This agreement is particularly true for those codes that are routinely used for aircraft crew dosimetry. The agreement between the codes, which are mostly theoretically based, while a few are experimentally based, is considered to be fully satisfactory. Actually, in radiation protection, dose estimates generally include uncertainties no better than +20-30 %. This conclusion is further substantiated by the fact that most of these codes have also been validated by measurements (33) in the past, in which an agreement between measured and calculated doses better than +20 % was achieved.
